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Abstract 
The spanwise characteristics of flow passing a yawed finite circular cylinder are numerical investigated at the yaw angle of 30°, 
aspect ratio of 9 and Reynolds number of 3900 using Large Eddy Simulation. The wake vortical structure and streamlines 
manifest that the regular Karman vortex street breaks down and there exists axial flow along the cylinder axis. To get further 
insight into the spanwise characteristics, the cylinder is virtually divided into nine equal-spaced sections along the cylinder span, 
and the drag and lift force coefficients of each section are monitored. By comparing the drag coefficients of these nine cylinder 
sections, it is found that the anti-clockwise torque is imposed on the cylinder. Furthermore, the FFT analyses of these nine 
fluctuating lift coefficients are carried out to reveal the characteristics in the frequency domain. It is shown that the nine spectra 
demonstrate different behaviours, by which the wake vortical structure is identified spanwise as three regions, two end-plate 
regions and the midspan region. In the downstream end-plate region, the vortex-shedding is well organized, whereas in the 
upstream end-plate region the wake vortex structure manifests itself stronger three-dimensional and severely irregular. And in the 
midspan region, the peak of frequency spectra is broadband and the regular Karman vortex street is not yet noticeable to identify. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of The Chinese Society of Theoretical and Applied Mechanics (CSTAM). 
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1. Introduction 
In many engineering applications, such as the flow past inclined tube bundles, subsea pipelines, etc., the cylinder 
is positioned at a certain angle of inclination to the mainstream flow. This kind of flows can be represented by a flow 
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over a yawed circular cylinder. Because of the practical impossibility of an infinite length cylinder, numerous works 
on the flow around a yawed cylinder of finite length were carried out in recent years. In the yawed finite cylinder 
cases, Remberg [1] carried out a series of experiments on yawed cylinders with the yaw angle (α) varies from -10° to 
60°. He found that the characteristics of the vortex-shedding varies significantly along the cylinder span with two 
shedding modes when α is between 10° to 30°. Hayashi et al. [2] measured the pressure distributions on a yawed 
circular cylinder surface. Their experimental results showed that quasi-two-dimensional flow is yet held in the 
middle span region of the cylinder except for the regions near the end-plates. Furthermore, Hogan et al. [3] measured 
the fluctuating wall pressure of three representative positions along the cylinder span and imposed the Fourier 
transformation on them. They found that axial or spanwise difference for wake vortical structure is prominent, 
especially for large yaw angle.  
From the previous researches, it is found that there is no thorough investigation of the spanwise characteristics for 
wake vortical structure, although some researchers have realized it. In this paper, we make efforts to clarify the 
spanwise characteristics by monitoring the fluctuating drag and lift coefficients at different sections along the 
cylinder span and give further insight of the features of the wake vortical structure for yawed circular cylinders. 
 
Nomenclature 
D  cylinder yaw angle, [°] 
A  aspect ratio, A H D  
DC  drag coefficient,  20 2D DC F DLUU  
LC  lift coefficient,  20 2L LC F DLUU  
pC  pressure coefficient,    20 0 2pC p p UU   
pbC  time-averaged pressure coefficient at the backward stagnation point 
Re Reynolds number, Re 0U D Q  
Str Strouhal number, 0Str fD U  
*T  no-dimensional time, * 0T U t D  
0u U  time-averaged streamwise velocity on the centreline in the wake of a circular cylinder 
 
2. Computational model 
2.1. Computational domain and boundary conditions 
The computational domain, the coordinate system and the definition of ߙ are depicted in Fig. 1(a). The origin of 
the global coordinate system (O-xyz) is located at the centre point of the cylinder axis. An O-grid with radius 3D 
around the cylinder has been used (see Fig. 1(b)). The height of the first cell normal to the cylinder surface is chosen 
to be 3ൈ10-3D to ensure that at least two layers of the nodes next to the cylinder surface are located within ݕା ൏ ͳ. 
A uniform velocity profile (u= ଴ܷ, v=w=0) is imposed at the inlet and a Neumann boundary condition is used at 
the outlet boundary. No-slip boundary condition is applied on the surface of the cylinder and a free-slip boundary 
condition is employed at the two lateral boundaries and the upstream and downstream end-plates. The turbulence is 
solved by the LES approach with a dynamic Smagorinsky-Lilly subgrid-scale model [4, 5]. 
2.2. Mesh independence test and validation of numerical method 
A mesh independence test at α = 0° is carried out by repeating a three-dimensional flow computation with three 
different meshing schemes—coarse meshes (387,448 grid points), medium meshes (764,964 grid points), and fine 
meshes (1,340,496 grid points). For the fine mesh, ܥҧ஽ (1.0465), ܥҧ௣௕ (-0.9667) and Str (0.2145) agree very well with 
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Fig. 1. (a) Computational domain for ߙ = 30°; (b) Details of the grid close to the cylinder. 
the numerical and experimental data [4, 6-9]. By comparing the results for ܥҧ஽, ܥҧ௣௕and Str calculated using the 
medium mesh and those using fine mesh, it can be seen that the differences of the above quantities between the two 
mesh schemes are 0.796%, 3.067% and -3.417%, respectively. Thus the mesh schemes used in the inclined cases are 
as dense as that of the fine meshing scheme. Furthermore, the simulated results of both ۃݑۄ ଴ܷΤ  and ܥ௣ are all in 
good agreement with previous numerical and experimental data [7-9], which demonstrate the suitability of LES in 
resolving a flow past a normal or yawed circular cylinder. 
3. Results and discussion 
3.1. Wake Vortex Structure and Streamlines 
Fig. 2(a, b) shows a comparison of flow past a yawed circular cylinder at α = 30° between the results of present 
LES at A = 9 and the experimental results by Matsuzaki et al. [10] at A = 10. It can be seen that the Karman vortex 
street is broken down and there exists heaving axial flow along the cylinder axis when A is less than 10 [11, 12]. 
The streamlines demonstrate this kind of phenomenon much clearer (see Fig. 2(c)). When flow approaches a 
yawed cylinder, the streamlines that approach the front leading edge of the cylinder are deflected towards the 
downstream plate. As the streamlines cross the surface of the cylinder, they bend to the cross cylinder direction after 
sliding some distance along the spanwise direction. When the streamlines are crossed a bit beyond the upright ridges, 
they are again turned back to the downstream plate. After passing the cylinder, some streamlines near the upstream 
end-plate are trapped into the principal streamwise vortex and move in the spanwise direction in a helical path. 
3.2. Drag force coefficients 
The drag force coefficients of nine cylinder sections along the cylinder span (see Fig. 3(a)) were monitored along 
time from ܶכ=120 to 360. The time-averaged drag coefficients were depicted in Fig. 3(b) and it is easy to found that 
the ܥҧ஽ value of cylinder sections near the upstream plate are bigger while the ܥҧ஽ value near the downstream plate 
are smaller than that of midspan, which induce the anti-clockwise torque that imposed on the cylinder. The increase  
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Fig. 2. (a) Wake vortex structure of experiment [11]; (b) wake vortex structure of present LES, Q > 750 s-2; (c) streamlines for present LES. 
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Fig. 3. (a) The position of cylinder sections; (b) drag coefficient distribution along the cylinder axis. 
of these nine ܥҧ஽ values from the downstream end to upstream end was due to the increase of pressure difference 
between the forward and the backward stagnation point along the cylinder span. In the engineering uses, this kind of 
anti-clockwise torque may lead to the structural fatigue and finally the damage of the devices. 
3.3. Frequency 
Lift coefficients of nine sections along the cylinder span were also monitored and FFT analyses of these ܥ௅ were 
conducted to examine the spanwise characteristics of vortex shedding (as shown in Fig. 4). The morphology of the 
spectra at different sections along the cylinder axis could be spanwise grouped into three regions, i.e. the midspan  
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Fig. 4. (a) to (i) are the spectra of FFT analyses of ܥ௅ from section 1 to section 9. 
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region and the regions near two end-plates. In the downstream end region, there exists a narrowed-band peak at Str 
= 0.172 in Fig. 4(a)-(c) and at Str = 0.154 in Fig. 4(d). At this angle the IP predicts that the vortex-shedding 
frequency corresponds to Str = 0.186. Thus the simulated results demonstrate that the IP still works for this region. 
In the midspan region, the vortex-shedding are barely distinguishable as the peaks are distributed among 0.1 < Str < 
0.2 and cannot be identified (see Fig. 4(e-g)), which indicates that there is no regular Karman vortex-shedding 
regime. Near the upstream plate, the peaks occur at Str =  0.104 and 0.159 in Fig. 4(g), at Str =  0.113 and 0.141 in 
Fig. 4(h) and at Str =  0.114 in Fig. 4(i), which indicates the flow is quite different from that of cylinder midspan and 
downstream end regions and this behaviour was not captured by IP. The low-frequency components at all spanwise 
locations should be emphasized for it indicates that the flow was considerably more three-dimensional and 
Matsumoto thought they were caused by damaged Karman vortex [12]. The phenomena of these three regions can 
be corresponding to the flow behaviours depicted in Fig. 2(b). 
4. Conclusions 
The spanwise characteristics of flow past a yawed circular cylinder at α = 30°, A = 9 and Re = 3900 was 
investigated using LES. The results of wake vortex structure and streamlines indicate that the Karman vortex street 
is almost broken down, especially in the region near the upstream end-plate. The ܥҧ஽ value near the upstream end-
plate is larger than that near the downstream end-plate, which imposes an anti-clockwise torque on the cylinder. The 
FFT analyses of ܥ௅ of nine cylinder sections along cylinder span are performed. It is shown that from the spectra 
domain in the downstream end-plate region, the vortex-shedding is well organized, whereas in the upstream end-
plate region the wake vortex structure manifests itself more stronger three-dimensional and severely irregular. And 
in the midspan region, the vortex-shedding frequency is broadband and the regular Karman vortex-shedding is not 
yet noticeable to be identified. 
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